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Peptidoglycan (PGN) is a unique and essential struc-
tural part of the bacterial cell wall. PGNs from two
contrasting Gram-negative plant pathogenic bacte-
ria elicited components characteristic of the innate
immune system in Arabidopsis thaliana, such as
transcription of the defense gene PR1, oxidative
burst, medium alkalinization, and formation of cal-
lose. Highly purified muropeptides from PGNs were
more effective elicitors of early defense responses
than native PGN. Therefore, PGN and its constituents
represent a Microbe-Associated Molecular Pattern
(MAMP) in plant-bacterial interactions. PGNandmuro-
peptides from aggressive Xanthomonas campestris
pv. campestris were significantly more active than
those from Agrobacterium tumefaciens, which must
maintain host cell viability during infection. The struc-
ture of muropeptide components and the distinctive
differences are described. Differing defense-eliciting
abilities appear to depend on subtle structural differ-
ences in either carbohydrate or peptide groups.
INTRODUCTION
In an environment that is rich in harmful microbes, the survival of
higher eukaryotic organisms depends on efficient pathogen
sensing and rapidly mounted defense responses. Such protec-
tive mechanisms are found in all multicellular organisms and
are collectively referred to as innate immunity. Innate immunity
is the first line of defense against invading microorganisms in
vertebrates and the only line of defense in invertebrates and
plants (Van Baarlen et al., 2007). General elicitors, or microbe-
associated molecular patterns (MAMPs), are conserved struc-
tures typical of whole classes of microbes that are sensed by
a broad spectrum of host species. MAMPs are recognized by
cognate host Pattern-Recognition Receptors (PRRs) that trigger
immediate defense responses. Recognition of MAMPs in both
insects andmammals is oftenmediated by Leucine-Rich Repeat438 Chemistry & Biology 15, 438–448, May 2008 ª2008 Elsevier Ltd(LRR) proteins such as Toll in Drosophila and the Toll-like recep-
tors (TLRs) in mammals (Medzhitov, 2001; Akira et al., 2006;
Altenbach and Robatzek, 2007).
Remarkable similarities have been found between the MAMP
perception in plants and animals. Examples include the
Arabidopsis flagellin receptor FLS2 (Go´mez-Go´mez and Boller,
2000) and the elongation factor receptor EFR (Zipfel et al.,
2006). In total, 11 TLRs recognizing MAMPs have been de-
scribed in mammals, whereas, to date, only a few MAMP recep-
tors have been identified in plants. Stimulation of the immune
receptors by their ligands results in a chain of signal events,
including the activation of a mitogen-activated protein kinase
(MAPK) cascade, functioning of WRKY transcription factors,
and changes in gene expression (Guan and Mariuzza, 2007).
However, there are still many unanswered questions concerning
how surface receptors are connected to signalingmolecules and
how signaling events eventually are translated into changes in
gene expression. Plants respond toMAMPswith induction of de-
fense responses such as oxidative burst, nitric oxide generation,
extracellular pH increase, cell-wall strengthening, and pathogen-
esis-related (PR) protein accumulation, leading to basal resis-
tance or MAMP-triggered innate immunity. Bacterial MAMPs
perceived by plants include the cold-shock protein (CSP), flagel-
lin, the elongation factor Tu (EF-Tu), and lipopolysaccharides
(LPSs) (Newman et al., 2002, 2007; Zipfel and Felix, 2005).
Here, we demonstrate that highly purified peptidoglycan (or
murein) and the generated muropeptides, obtained from two
contrasting Gram-negative bacterial pathogens of plants, are
effective elicitors of defense responses in the model plant Arabi-
dopsis thaliana. Peptidoglycan (PGN), not found in eukaryotes, is
an essential and unique cell-wall component of all bacteria,
making it an excellent target for the eukaryotic innate immune
system. Its perception by vertebrates and insects is well docu-
mented, as discussed later. PGN provides rigidity and structure
to thebacterial cellwall in bothGram-negative andGram-positive
bacteria. PGN is found as a thick outer layer in the cell wall of
Gram-positive bacteria, whereas a relatively thin layer is present
in the cell wall of Gram-negative bacteria, where it is overlaid with
LPS. PGN consists of glycan chains of b-(1-4)-linked-N-acetyl-
glucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc).
The presence of the lactyl group of the muramic acid allows for
the covalent attachment of a short peptide stem that typicallyAll rights reserved
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carbohydrate backbone is generally conserved in all bacteria,
and different degrees of acetylation are the only identified chem-
ical variation. In contrast, the peptide moiety displays consider-
able diversity. In general, the third-position amino acid in Gram-
positive bacteria is L-lysine (Lys), whereas Gram-negative bacte-
ria possess themeso-2,6-diaminopimelic (DAP) acid as the third
amino acid (McDonald et al., 2005). Furthermore, Gram-positive
bacteria have peptide stems that are usually crosslinked through
an interpeptide bridge (generally glycine), whereas Gram-nega-
tive bacteria peptide stems are usually directly crosslinked
(Dziarski and Gupta, 2005; Boneca et al., 2007).
PGNs fromAgrobacterium tumefaciens strain DSM 30204 and
Xanthomonas campestris pathovar campestris strain 8004
(herein referred to as At and Xcc, respectively) were analyzed.
At and Xcc are widely distributed phytopathogenic bacteria of
major significance, and their pathobiology has been extensively
studied. Xcc is the causative agent of black-rot, a disease of cru-
ciferous plants that is of worldwide importance (Williams, 1980),
whereas At incites crown gall disease in a wide range of dicoty-
ledonous plant species. The rationale for choosing these two
Gram-negative bacteria was to test PGN from true plant patho-
gens andwith contrasting infection strategies. Xcc could be con-
sidered a necrotroph, causing host-cell damage and eventual
death, whereas At is a biotroph requiring viability of the host cells
to be able to transfer, integrate, and have its T-DNA expressed
by the host (Charles et al., 1992).
Theaimof thisworkhasbeen to isolateXccandAtPGNs, to hy-
drolyze them to their relatedmuropeptides, to elucidate the struc-
ture of themain component, and to test their activities as elicitors
of A. thaliana immune responses. The generated muropeptides
were isolated and examined by a combination of reverse-phase
high-pressure liquid chromatography (RP-HPLC) and electro-
spray ionizationmassspectrometry (ESI-MS). Themain structural
Figure 1. HPLC Chromatograms of
Muropeptides from Two Gram-Negative
Plant Pathogens
(A and B) (A) Agrobacterium tumefaciens and (B)
Xanthomonas campestris pv. campestris PGN.
Each muropeptide peak was identified by LC-MS
and chemical analyses, whereas the more abun-
dant peak (species 8 and species 11) was fully
analyzed by ESI-MS tandem mass spectrometry
and NMR spectroscopy (see Figure 2).
compound, found in an Xcc and Atmuro-
peptide mixture, has been completely
elucidated by a combination of methodol-
ogies such as 2D NMR spectroscopy and
tandem MS spectrometry.
RESULTS
Structural Analysis of Main
Muropeptide Species from X.
campestris andA. tumefaciensPGN
PGNs from Xcc and At were digested by
the muramidase mutanolysin to generate
the entire spectrum of muropeptides. The generated PGN frag-
ments were reduced with sodium borohydride, then identified
by RP-HPLC (Figure 1) and LC-MS (Figures S8–S23, see the
Supplemental Data available with this article online) (Glauner,
1988; Garcia-Bustos and Dougherty, 1987). The composition is
reported in Table 1, and the main compound common to both
muropeptide preparations, a dimeric species (m/z = 1865.1
Da), was accumulated by reiterated HPLC injections of both
muropeptide preparations and was analyzed by a combination
of 2D NMR and tandem MS. The dimeric muropeptide species
is shown in Figure 2A.
Briefly, in the proton NMR spectrum (Figure 2A) 11 amide
proton signals were visible, accounting for 13 different spin sys-
tems, 4 of which belonged to the NH group of carbohydrate
residues, namely, the GlcNAc and MurNAc residues. The com-
plete assignment of 1H and 13C resonance was achieved by
combining the information from DQF-COSY, TOCSY, ROESY,
NOESY, and 1H-13C-HSQC 2D NMR experiments (Tables 2
and 3; Figures S1–S7). Starting from the amino acid amide
signals in the NH region of the spectrum and anomeric proton
signals, each spin system was sequentially identified. Their se-
quence was univocally established by comparison of interresid-
ual dipolar NMR correlations obtained by ROESY (Figure 2B;
Figures S1–S7) and NOESY experiments.
The NMR data were completed by ESI-MS-MS experiments
(Figure 2C). Fragmentation of the doubly protonated ion at
m/z = 933.6 showed a rapid release of both GlcN residues and
the complete y ions series corresponding to the sequence Mur-
NAc-Ala-Glu-DAP-Ala. This series terminated with the ion at
m/z = 739.4, suggesting the occurrence of a branched structure
with strong retention of the positive charge that prevented
further fragmentation. Besides the y ions, a number of internal
fragments corresponding to the sequence MurNAc-Ala-Glu-
DAP-Ala-(DAP-Ala) could also be detected. In particular, theChemistry & Biology 15, 438–448, May 2008 ª2008 Elsevier Ltd All rights reserved 439
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a branched Ala residue attached to the DAP residue.
Altogether, all of these data confirmed the primary structure of
the major muropeptide common to both At and X. campestris
PGN, as shown in Figure 2. As expected, this dimeric form is
a typical PGN fragment of a Gram-negative bacterium that pos-
sesses glycan chains of b-(1-4)-linked GlcNAc and MurNAc. The
lactyl group bears a tetrapeptide built up of two alanine residues,
glutamic acid, and the archetypalmeso-2,6-diaminopimelic acid
as the third amino acid (McDonald et al., 2005). Obviously, the
typical Gram-positive PGN pentaglycine bridge between two
stem peptides is absent.
Main Chemical Features and Differences of the Minor
Muropeptide Fractions from X. campestris
and A. tumefaciens PGN
Despite the presence of a common major fragment in the muro-
peptide blend deriving from the two bacterial PGNs, unique
chemical features were found in the structure of some minor
constituents of the muropeptide mixture, either in the peptide
moiety or in the disaccharide unit (Table 1). The compositional
analysis of thewholemuropeptide fractions ofAt showed the oc-
currence of a glycine (Gly) residue. Accordingly, two peaks were
detected in the LC-MS chromatogram (Table 1; Figures S8–S23)
and were assigned to a muropeptide species bearing a peptide
moiety in which an Ala residue was replaced by Gly (Dm/z = 14).
Table 1. Peptidoglycan Composition of Agrobacterium
tumefaciens and Xanthomonas campestris pv. campestris
Muropeptides
m/z
(Observed)
Proposed Muropeptide
Composition
Agrobacterium tumefaciens Peptidoglycan Composition
1 871.21 GlcNAc1MurNAc1Ala1Glu1DAP1
2 928.20 GlcNAc1MurNAc1Ala1Glu1DAP1Gly1
3 942.34 GlcNAc1MurNAc1Ala2Glu1DAP1
4 1722.80 GlcNAc2MurNAc2Ala2Glu2DAP2
5 1315.41 GlcNAc1MurNAc1Ala3Glu2DAP2
6 1851.18 GlcNAc2MurNAc2Ala2Glu2DAP2Gly1
7 1794.12 GlcNAc2MurNAc2Ala3Glu2DAP2
8 1864.06 GlcNAc2MurNAc2Ala4Glu2DAP2
Xanthomonas campestris pv. campestris Peptidoglycan Composition
1 828.19 GlcN1MurNAc1Ala1Glu1DAP1
2 900.41 GlcN1MurNAc1Ala2Glu1DAP1
3 942.34 GlcNAc1MurNAc1Ala2Glu1DAP1
4 1709.08 GlcN2MurNAc2Ala3Glu2DAP2
5 1637.01 GlcNAc2MurNAc2Ala2Glu2DAP2
6 1749.94 GlcNGlcNAc1MurNAc2Ala3Glu2DAP2
7 1709.08 GlcN2MurNAc2Ala3Glu2DAP2
8 1779.38 GlcN2MurNAc2Ala4Glu2DAP2
9 1821.13 GlcNGlcNAc1MurNAc2Ala4Glu2DAP2
10 1794.07 GlcNAc2MurNAc2Ala3Glu2DAP2
11 1864.14 GlcNAc2MurNAc2Ala4Glu2DAP2
Ion peaks deriving from an HPLC chromatogram of the muropeptide
blend from At and Xcc and the proposed composition on the basis of
chemical analyses and MS data. The unusual components are shown
in bold.440 Chemistry & Biology 15, 438–448, May 2008 ª2008 Elsevier LtdIn the same way, the Xcc muropeptide mixture was also
analyzed and showed some relevant differences with respect to
the expected skeleton in the acetylation pattern of the carbohy-
drate moiety. In fact, a GlcN residue was found to be lacking
the acetyl group in several species (Table 1; Figures S8–S23).
This was confirmed by the MS-MS experiments of the corre-
sponding species showing the loss of reduced GlcN without
theacetyl group.Moreover, in the low-mass region, an immonium
ion was detected at m/z = 162, indicating the protonated GlcN,
whereas the expected ion at m/z = 202 (GlcNAc) was missing
(data not shown). These data led to the identification of the non-
acetylated moiety as the GlcN residue. At this stage, we cannot
demonstratewhich of the twoGlcN residueswas lacking the ace-
tyl group in the dimeric species; further structural studies are in
progress to ascertain this detail. Furthermore, a very high amount
of dimeric species was observed in the muropeptide fraction of
Xcc, showing that, in the PGN macromolecule, a high number
of direct bridges between the peptide stems are present.
PGN and Muropeptides Induce Defense Gene PR1
PGN and the muropeptides were tested for their ability to induce
PR1 gene expression, an excellent molecular marker for induc-
tion of plant innate immune response (Bedini et al., 2005; Silipo
et al., 2005) that was specifically chosen as a typical and repre-
sentative member of the PR gene families. Leaves of A. thaliana
were infiltrated with 50 mg ml1 PGN or muropeptides from Xcc
or At, and gene transcription was analyzed after 4, 12, and 20 hr
by real-time RT-PCR (Table 2).
A 170-fold increase of PR1 transcript was observed 12 hr after
inoculation (hai) in response to Xcc PGN treatment, then de-
clined to low transcription by 20 hai. Xcc muropeptide induced
early accumulation of PR1 transcript at 4 hai, which increased
markedly at 12 hai. At this time, the amount of transcript was
3-fold higher than that induced by Xcc PGN and represented
a 600-fold induction of PR1. At PGN induced only a low level
(4-fold) of PR1 transcript at 4 hai, and levels increased 4-fold
at 12 hai; however, no transcript was detectable at 20 hai. At
muropeptides resulted in a much higher PR1 transcript level at
4 hai (ca. 30-fold induction), which decreased progressively at
12 and 20 hai.
Therefore, both PGN preparations from Xccwere substantially
more active than those from At; also, for both bacteria, the mur-
opeptideswere generally recognized earlier in the plant andwere
more effective elicitors of this defense-related gene. The blank
control (see the Experimental Procedures) did not induce PR1
gene transcription.
Muropeptides of X. campestris Are Detected
at Much Lower Levels than Native PGN
The experiment assessing PR1 induction was repeated with Xcc
PGN and muropeptides, but over a concentration range of
0.1–50 mg ml1, in order to establish optimum levels and the
sensitivity of PGN perception by plant cells (Table 3).
The muropeptides were detected at 0.1 mg ml1 when PR1
transcript was induced ca. 150-fold; the highest level of PR1
transcript was obtained with 1 mg ml1, and higher concentra-
tions resulted in less transcript accumulation. PGN was not
detected at 0.1 mg ml1 and only induced low levels of PR1 tran-
script from 0.5 to 10 mg ml1. PR1 transcript was, however,All rights reserved
Chemistry & Biology
Peptidoglycan Structures and Defense Elicitationinduced substantially (ca. 170-fold) with 50 mg ml1 PGN. Host
cell death, tested by trypan blue staining, was not induced
by PGN or the muropeptides over the concentration range of
0.1–50 mg ml1 (data not shown).
Detection of PGN and Muropeptides Results in Rapid
Extracellular pH Increase and Generation of Reactive
Oxygen by Arabidopsis Cells
It is a characteristic of elicitor perception that there is a rapid
K+/H+ exchange at the plasma membrane, resulting in a signifi-
cant increase in apoplastic pH (Bauer et al., 2001). Approxi-
mately concurrently, reactive oxygen species are generated,
primarily by activation of plasma membrane NADPH oxidase
(Baker and Orlandi, 1995).
Exposure of Arabidopsis cells to PGN and muropeptides
resulted in both phenomena, with maximal responses between
5 and 15 min. In all cases, muropeptides were more active,
inducing faster and initially higher responses. Thus, pH was
increased by ca. 0.22 to 0.4 U with Xcc and At muropeptides
after 10 min, but only by 0.1 and 0.06 U with native PGNs, re-
spectively (Figures 3A and 3B). However, both native PGNs con-
tinued to elicit by 25 min to give an overall pH change similar to
that with muropeptides.
The oxidative burstwasmeasured asperoxide generation (Go-
mez-Vasquez et al., 2004). Xcc PGN gave amaximal response at
5min, but thiswas less than 20%of thepeak induced after 15min
bymuropeptides (Figure 3C); the differential response forAtPGN
and muropeptides was about 20-fold. Both PGN preparations
from At were less active than those from Xcc; the native PGN
and themuropeptides gave only ca. 15% and 40%, respectively,
of the response obtained with Xcc (Figure 3D).
flg22, a peptide component of flagellin recognized as a potent
MAMP, was included as a positive control for the pH increase.
PGN and the resulting peptides were substantially less active
than flg22, which increased pH after 20 min by more than 1.0 U
(Figure 3A). Water controls did not induce extracellular pH
increase or the generation of reactive oxygen.
Induction of Defense Polymer Callose
Callose comprises a relatively incalcitrant b-1,3-glucan, which is
deposited adjacent to cell walls as a localized response to
incompatible pathogens, their MAMPs, and other stresses
(Hammond-Kosak and Jones, 1996).
Callose deposits in infiltratedArabidopsis leaves, visualized by
UV microscopy after aniline blue staining, were abundant with
flg22 (mean score of 154), Xcc PGN, and muropeptides (scores
of 70 and 86, respectively). The response to At PGN was very
weak, but was slightly greater with At muropeptides (score of
42) (Figure 4). Water controls did not induce callose deposition.
Does Signaling after PGN Perception Depend
on Apoplastic Calcium Influx?
Calcium influx from the apoplastic store [Ca2+]apo to the cytosol
[Ca2+]cyt is a prerequisite for most defense response to MAMPs
(Reddy, 2001; Lecourieux et al., 2006). In order to compare PGN
perception and signaling with that of other MAMPs, changes
in [Ca2+]cyt were monitored quantitatively in leaves of apo-
aequorin-transformed Arabidopsis (Knight et al., 1996).Chemistry & BiologOnly a slow calcium accumulation (most evident with Xcc
muropeptides) occurred from ca. 12 min after exposure to
100 mg ml1 of preparations, which reached maximum levels of
0.064–0.069 mM [Ca2+]cyt for both Xcc and At native PGN and
muropeptides (Figure 5). For comparison, [Ca2+]cyt was
0.18 mM after a 5 min exposure to 100 nM flg22. Water controls
did not induce accumulation of Ca2+.
DISCUSSION
This paper deals with the isolation, structural identification, and
biological activity of PGN and related muropeptides from the
plant pathogenic bacteria At and Xcc. To our knowledge, this
is the first demonstration of PGN from a true plant pathogen
functioning as an effective MAMP in plants. Analogous to
perception by animals of pathogenic bacteria, PGN is clearly
another major defense elicitor, and, along with Flg, LPS, and
EF-Tu, it is recognized by the plant immune system.
An earlier study (Felix and Boller, 2003) using partially purified
preparations and research concurrent with ours (Gust et al.,
2007) showed plant defense responses to PGN from Staphylo-
coccus aureus, a Gram-positive human pathogen. However,
the vast majority of plant pathogenic genera (Xanthomonas,
Xylella, Pseudomonas, Ralstonia, Erwinia, Pectobacterium,
Pantoea, and Agrobacterium) are Gram-negative. Some of the
differences in our data described below may relate to the funda-
mental chemical differences in PGNs of the two groups.
The main aim of this work was to ascertain if PGN is a MAMP
perceived by plant cells. Subsequently, we will address the
structure-activity relationship of PGN fragments. This will reveal
the minimal inducing structure and the influence of chemical
modifications. As a starting point, we considered it important
to use a wide spectrum of muropeptides, as these are likely to
be exposed from pathogens as a consequence of plant lyso-
zyme activities. Also, we deployed highly purified preparations
of PGN and muropeptides. The purity of MAMPs is crucial; there
are many cases in which biological activity resulted from copur-
ification, in particular LPS associating with PGN, such as in
commercial preparations (Girardin et al., 2003; Leulier et al.,
2003; McDonald et al., 2005).
Muropeptides were more effective than native PGN in trigger-
ing short-term responses, such as the generation of reactive
oxygen; however, longer-term, intact PGN showed similar over-
all effects, such as in the case of pH increase, induction of PR1
gene transcription, and callose formation. The delayed effects
of PGN might reflect relatively slow diffusion of this macromole-
cule through the host primary cell wall matrix, which functions as
a molecular sieve (Cooper, 1983). Degradation to more mobile
muropeptides by host enzymes, as detailed later, might occur
in this period. A slower and more persistent increase in pH
induced by PGN, in comparison with flg22, was also seen by
Gust et al. (2007). However, in contrast to their work, we found
that responses to PGN were substantially lower than those
elicited by flg22.
The greater activity of muropeptides than native PGN con-
trasts markedly with the perception by Arabidopsis of a Gram-
positive PGN and its hydrolysis products. In that case, mutano-
lysin fragments were inactive, but lysostaphin-digested PGN
was inductive, leading to speculation that the glycan backboney 15, 438–448, May 2008 ª2008 Elsevier Ltd All rights reserved 441
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structure of PGN fragments was only theoretically assigned.
Moreover, the peptide moiety in Gram-positive bacteria is rather
different, bearing a crucial Lys in the stem peptide and an addi-
tional pentaglycine bridge. In the case of our work, it is premature
to assess the minimum part required for activity, i.e., if the car-
bohydrate part is necessary to elicit the immune response.
Synthetic organic chemistry is in progress and is devoted to
the comprehension of the minimal structure required for the
elicitation. The muramyl dipeptide (MDP) is known to be the min-
imal chemical structure required to trigger the innate immune
system in vertebrates, but a muropeptide dimer is required by
Drosophila and the silkworm Bombyx mori (Dziarski et al.,
1998; Iketani et al., 1999; Filipe et al., 2005; Traub et al., 2006).
Further research will show if plants have a perception system,
which distinguishes between PGN from Gram-positive and
Gram-negative pathogens, or even different perception systems
for nonpathogens. For instance, the ability of Drosophila to
distinguish Gram-negative fromGram-positive bacteria is based
on recognition of specific forms of PGN triggering the Imd (acti-
vated by Lys-type PGN) or Toll pathways (DAP-type PGN activa-
tion), respectively, and not, as previously thought, on detection
of LPS (Leulier et al., 2003). Thus far, no PGN recognition recep-
tors have been identified in plants. In animals, several PGN
recognition molecules are known, including CD14 (Dziarski
et al., 1998), which is also known to bind the LPS-LBP complex,
the NOD-containing proteins (Franchi et al., 2006), TLR2 (Travas-
sos et al., 2004; Dziarski and Gupta, 2005), and the PGN recog-
nition proteins (PGRPs) (Guan and Mariuzza, 2007).
At is a subtle pathogen that is dependent on maintaining the
viability of host cells for transfer of its DNA and consequent
nutritional benefits from the transformed host cells (Charles
et al., 1992). Interestingly, its flagellin, a potent MAMP from
Table 2. Induction of the PR1 Gene in Arabidopsis Col-0 after
Treatment with Xanthomonas campestris pv. campestris and
Agrobacterium tumefaciens Peptidoglycans or Muropeptides
Time after
Treatment
Xanthomonas campestris
pv. campestris
Agrobacterium
tumefaciens
50 mg/ml
Peptido-
glycans
50 mg/ml
Muropep-
tides
50 mg/ml
Peptido-
glycans
50 mg/ml
Muropep-
tides
4 hai +2a +192a +4a +32a
12 hai +173a +593a +18a +12a
20 hai +6a 7, NS 0 +4a
+, fold upregulated; , fold downregulated compared to water-treated
tissue, after normalization to 18SrRNA. NS, not significant. Three inde-
pendent repetitions of each experiment were performed with similar
results.
a p < 0.001.Chemistry & Biologymany bacteria, is not recognized in Arabidopsis (Zipfel et al.,
2006). Also, coincident with its stealthy lifestyle, here we show
that its PGN and resulting muropeptides are weak elicitors com-
pared with those from the necrotrophic pathogen Xcc. Neverthe-
less, another At MAMP, EF-Tu, is detected by Arabidopsis, as
evident from a mutant lacking receptor kinase EFR, and this ab-
sencemay explain the inefficiency ofAgrobacterium transforma-
tion of this species (Zipfel et al., 2006). However, EF-Tu is not
perceived by the many hosts of Agrobacterium, which are not
members of Brassicaceae; thus, this pathogen seems to have
benefited from altering structures of its main MAMPs.
Differences in the structures of Xcc and At muropeptides are
clearly evident, i.e., by the presence of a Gly residue replacing
Ala in the case of At PGN, and by the lack of an acetyl group
in the case of Xcc PGN. These variations might explain their
different eliciting activities. Furthermore, there are only a few ex-
amples in which Gly is reported as a component of PGN of
Gram-negative bacteria, and no correlation with the biological
activity has been reported. As for the acetylation pattern of
PGN, a recent breakthrough was a report in which N-deacetyla-
tion of PGN from Listeria monocytogenes was described as
a major virulence determinant. Moreover, Listeria escapes rec-
ognition and killing by host cells by preventing processing and
optimal sensing of its PGN. It has been observed that, as a con-
sequence of N-deacetylation, the pathogen’s ability to survive
the first defenses of the host in the intestinal lumen is enhanced
by avoiding the bacteriolytic activity of the lysozyme that is mas-
sively produced in the intestinal cells (Boneca et al., 2007). In the
case of Xcc, the N-deacetylation of PGN seems to have the
opposite effect on the elicitation of a plant immune response.
Moreover, Xcc muropeptides were effective at % 0.1 mg ml1.
In other systems, the amounts of PGN and derivatives required
for this effect ranged from 5mg ml1 (Newman et al., 2007; Van
Baarlen et al., 2007) to 100 mg ml1 (Altenbach and Robatzek,
2007). The amount of PGN released at pathogen-host interfaces
remains unknown, but we show that perception is relatively
sensitive at levels 1000-fold less than reported for S. aureus
PGN with Arabidopsis (Gust et al., 2007). The decline in efficacy
of PR1 induction by muropeptides at amounts greater than
10 mgml1 is typical for diverse biological effectors and can often
reflect receptor desensitization (Lanzara, 2005).
PGN is associated with the inner membrane and, in Gram-
negative bacteria, is shielded by the LPS-containing outer mem-
brane; thus, the question as to how it is perceived arises. PGN is
turned over and released continuously (Park, 1995). For exam-
ple, Escherichia coli breaks down almost 50% of its PGN every
generation (Goodell, 1985). Degradation of bacterial cells by
host defenses may also contribute to release of PGN. Thus,
PGN is degraded by the hemolymph of Drosophila (Filipe et al.,
2005), and with Pseudomonas aeruginosa in Galleria mellonela
defense is only activated by damaged bacterial cells (Pye,Figure 2. Full Structural Determination of the Main Muropeptide Common to Both Xanthomonas campestris pv. campestris and Agrobac-
terium tumefaciens PGN
(A) The 1H-NMR spectrum and the structure of dimeric muropeptide species are shown.
(B) Section of the ROESY (gray), TOCSY (black), and spectra of the same species. The spin systems are designated as in Tables 2 and 3. The most important
interresidual dipolar correlations are indicated.
(C) Tandem mass spectrometry analysis of the doubly charged ion atm/z = 933.6 corresponding to the main muropeptide component (m/z = 1864). A rapid re-
lease of both GlcN residues was observed together with the y ions series and a number of internal fragments leading to the definition of the structure depicted.15, 438–448, May 2008 ª2008 Elsevier Ltd All rights reserved 443
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Peptidoglycan Structures and Defense ElicitationTable 3. PR1 Gene Induction in Arabidopsis Col-0 after Treatment with a Concentration Range of Xanthomonas campestris
pv. campestris Peptidoglycans or Muropeptides
Time after Treatment
Xanthomonas campestris pv. campestris Peptidoglycans Xanthomonas campestris pv. campestris Muropeptides
0.1 mg/ml 0.5 mg/ml 1 mg/ml 10 mg/ml 50 mg/ml 0.1 mg/ml 0.5 mg/ml 1 mg/ml 10 mg/ml 50 mg/ml
4 hai +3a +36a +18a +2a +2a +103a +52a +524a +478a +192a
12 hai +4, NS +8a +6a +12a +173a +150a +660a +893a +210a +593a
20 hai 0 +10a +16a 0 +6a +5a +38a +26a +238a 7 NS
+, fold upregulated; , downregulated compared to water-treated tissue, after normalization to 18SrRNA. NS, not significant. Three independent
repetitions of each experiment were performed with similar results.
a p < 0.001.1974). Some plants possess PGN-modifying lysozymes, and
most produce multiple chitinases. Of these, some show joint
lysozyme activity (Brunner et al., 1998).
In contrast to all other bacterial MAMPs that we (Aslam et al.,
2008) and others (Lecourieux et al., 2006) have examined, in-
cluding the response of Arabidopsis to S. aureus PGN (Gust
et al., 2007), Ca2+ influx was very low upon exposure to Xcc
and At PGNs. Nod 1 and Nod 2 PGN receptors in mammalian
cells recognize distinct muropeptides and function intracellularly
(Girardin et al., 2003); other MAMP receptors are TLRs that are
mainly exposed at the plasma membrane. It is tenable that,
although most plant pathogenic bacteria remain extracellular,
Gram-negative PGNs, as used here, might be internalized and
perceived within cells. Recent studies with fluorescein-labeled
Xcc LPS revealed that LPS was rapidly bound to the cell wall
and then internalized into cultured Nicotiana tabacum cells;
eventually, LPS was found exclusively within vacuoles (Gross
et al., 2005). Endocytosis may contribute to internalization of
muropeptides from H. pylori in host cells, although its own type
IV secretion system is also involved (Viala et al., 2004).
PGNsmay not merely be a means for hosts to detect invasion,
but they may be integral to virulence and, in one case, symbiosis444 Chemistry & Biology 15, 438–448, May 2008 ª2008 Elsevier Ltd(Cloud-Hansen et al., 2006). PGNmonomers of the human path-
ogens Bordetella pertussis and Neisseria gonorrhoeae cause
damage to cells in culture that is similar to disease pathology
(Cloud-Hansen et al., 2006). Also, Haemophilus influenzae PGN
fragments induce symptoms in a rabbit model (Burroughs
et al., 1993), and Helicobacter pylori secretes several muropep-
tides into cells where they function as virulence factors (Cloud-
Hansen et al., 2006). However, PGN from S. aureuswas not toxic
to Arabidopsis according to Gust et al. (2007). Similarly, in our
study, there was no evidence of macroscopic damage to
Arabidopsis cells by Xcc and At PGN preparations.
Various existing evidence indicates a role for PGN in bacterial
pathogenicity in plants. PGN genes are upregulated in diverse
bacterial diseases, including periplasmic murein peptide binding
transporter during E. chrysanthemi infection. Mutation of these
genes reduces the virulence of Ralstonia solanacearum (PGN-
recycling gene ampD) and of Erwinia amylovora (lytic transglyco-
sylase mltE) (Cloud-Hansen et al., 2006).
PGN is clearly involved in pathogenicity in a wide range of
interactions between pathogenic bacteria and plant, insect,
and mammalian hosts. Evidently, convergent evolution has led
to the recognition of a range of PGN structures across taxa.Figure 3. Elicitation of Extracellular
Alkalinization and Oxidative Burst by
Peptidoglycans and Muropeptides
(A) pH increase around Arabidopsis suspension-
cultured cells exposed to 100 mg ml1 PGN and
muropeptides from Xanthomonas campestris pv.
campestris (Xcc). The greater effect of flagellin
(flg22) is shown for comparison.
(B) An equivalent experiment performed with PGN
and muropeptides from Agrobacterium tumefa-
ciens (At).
(C and D) Reactive oxygen (measured as peroxide
with a luminol assay and expressed as relative
light units [RLU]) from Arabidopsis suspension-
cultured cells after exposure to 50 mg ml1 PGN
and muropeptides from (C) Xcc and (D) At.
For both assays, data are the means of two repli-
cates (relatively large volumes of pure muropepti-
des are required for these assays, which restricted
replications). An independent repetition gave near
identical results.All rights reserved
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Peptidoglycan Structures and Defense ElicitationFigure 4. Formation of Defense Polymer Callose in Response to Peptidoglycans and Muropeptides
(A) Callose deposits in Arabidopsis leaves 20 hr after infiltration with PGN and muropeptides of Xanthomonas campestris pv. campestris or Agrobacterium
tumefaciens; the effect of 1 mM flg22 is shown for comparison. Light zones reveal callose fluorescing after aniline blue staining.
(B) Mean counts made per three fields of view in three replicate leaves from Arabidopsis plants.
Means ± standard deviation. Magnification is 1003.Some bacteria, such as At, may have evolved their MAMPs to
evade recognition by these diverse host sentinel molecules.
SIGNIFICANCE
In order to combat microbial diseases of plants, we need
insights into themolecular basis of defense. Innate immunity
is dependent on the recognition of conserved microbial
products or MAMPs, which are inadvertently released dur-Chemistry & Biologying invasion. A few of these and, in fewer cases, their recep-
tors are known. Here, we describe for the first time, to our
knowledge, chemically and biologically, peptidoglycan
(PGN) from two Gram-negative bacterial plant pathogens;
the vast majority of plant pathogens are Gram-negative.
We demonstrate that highly purified PGN functions as an
effective MAMP in plants, by triggering diverse defenses,
and that its perception is dose dependent and rather sen-
sitive. Derived muropeptides (which may be releasedFigure 5. Induction of Intracellular Calcium
Ion Flux by Peptidoglycans and Muro-
peptides
(A–C) Cytoplasmic Ca2+ concentrations after
exposure of Arabidopsis leaves to 100 mg ml1
PGN and muropeptides from (A) Xanthomonas
campestris pv. campestris and (B) Agrobacterium
tumefaciens. The much greater response to flagel-
lin (flg22) is shown in (C).15, 438–448, May 2008 ª2008 Elsevier Ltd All rights reserved 445
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Peptidoglycan Structures and Defense Elicitationenzymatically in planta) were, in the short term, more effec-
tive elicitors than native PGN. Evidently therefore, analogous
to animal pathogenic bacteria, PGN is clearly another major
defense elicitor, in that, along with flagellin, LPS, and EF-Tu,
it is recognized by the immune system of plants.
Differences in the structures of Xcc and At muropeptides
are shown and may explain the different defense-eliciting
activities of their PGNs and related muropeptides, which,
in turn, could contribute to their contrasting styles of patho-
genicity. In particular, At PGN is characterized by the pres-
ence, in some fragments, of a Gly residue replacing Ala,
whereas Xcc PGN is characterized by the lack of an acetyl
group on GlcN residues.
Further studies are in progress to reveal the structure-
activity relationship of PGN and to elucidate the minimum
structure required for the biological activity of muropepti-
des. Also, the availability of highly purified muropeptide
species allows for discovery of the plant PGN receptor(s).
EXPERIMENTAL PROCEDURES
Bacterial Growth and Purification of Peptidoglycan
At strain DSM 30204 was grown at 27C in liquid shake culture (200 rpm) in
Nutrient Broth (DIFCO) for 18 hr (early stationary phase). Xcc 8004 was grown
in peptone-yeast extract-glycerol medium (NYGB) and was harvested as
described previously (Silipo et al., 2005).
Dried cells were extracted for peptidoglycan (PGN) as described elsewhere
(yield = 1.5 g) (Garcia-Bustos and Dougherty, 1987; Glauner, 1988; Girardin
et al., 2003). Briefly, At and Xcc cells were suspended in ice-cold water and
were added drop-wise to boiling 8% SDS and boiled for an additional
30 min. After cooling to room temperature, the SDS-insoluble material was
collected by centrifugation. The pellets were washed several times with water
until no SDS could be detected. High-molecular weight glycogen and cova-
lently bound lipoprotein were removed by treatment with a-amylase and
trypsin, respectively. Additional sequential washes with 8 M LiCl, 0.1 M
EDTA, and acetone were sequentially performed. The complete PGN purifica-
tion procedure to which bacterial cells had not been added was prepared as
a blank control.
Preparation of Muropeptides and GC-MS, HPLC,
and LC-MS Analyses
The isolated PGNs were degraded with muramidase mutanolysin from Strep-
tomyces globisporus ATCC21553 (Sigma-Aldrich) at 37C overnight. The
enzyme reaction was stopped by boiling (5 min), and insoluble contaminants
were removed by centrifugation. Both PGN preparations were analyzed for
amino acid composition by GC-MS (Molnar-Perl and Katona, 2000). Briefly,
100 ml tert-butyldimethylsilyl-N-methyltrifluoroacetamide was added to
100 ml of a 0.1 M HCl solution of muropeptides. After 4 hr at 100C, the sample
was neutralized and underwent GC-MS analysis, which was performed with
a SLB capillary column (0.18 mm 3 20 m, Supelco); the temperature program
was 100C for 1 min, then 35C min1 to 300C.
The generated muropeptides were dissolved in 0.5 M sodium borate buffer
(pH 9.0), and solid sodium borohydride was added immediately. After incuba-
tion for 30 min at room temperature, excess borohydride was destroyed with
2 M HCl. Finally, the samples were adjusted to pH 3–4 with TFA.
Reduced muropeptides were fractionated by reverse-phase HPLC as
reported elsewhere (Glauner, 1988; Girardin et al., 2003). The muropeptides
obtained from At were eluted with a linear gradient (run time of 40 min) from
0% to 17.5% acetonitrile, whereas a linear gradient (run time of 46 min) from
0% to 10% acetonitrile was utilized to separate the muropeptides obtained
from Xcc. Detection was performed at A206 nm. ESI-MS and ESI-MS spectra
were obtained in 2% formic 1:1 acid:methanol (v/v) and 1:1 water:methanol
(v/v), respectively (Agilent 1100MSD).446 Chemistry & Biology 15, 438–448, May 2008 ª2008 Elsevier LtdTandem Mass Spectrometry Analysis
The dimeric muropeptide was isolated by HPLC on a HP 1100 (Agilent Tech-
nologies; Santa Clara, CA) by using a Phenomenex narrowbore C18 reverse-
phase column (250 3 2 mm) with 0.1% TFA (Solvent A) and 0.07% TFA in
95% acetonitrile (Solvent B) as solvent systems. The sample was eluted by
means of a linear gradient from 0% to 20% of Solvent B over the course of
30 min.
Tandem mass spectral analyses were carried out on a hybrid Q-TOF instru-
ment (Waters; Milford, MA) equipped with an electrospray ion source. An
aliquot of the HPLC-purified muropeptide was introduced into the mass spec-
trometer source by direct injection, and a full-scan MS spectrum was
acquired. The doubly charged ion corresponding to the muropeptide was
isolated into the quadrupole analyzer and fragmented into the collision cell
by using argon as the collision gas.
NMR Spectroscopy
For structural assignments of the dimeric muropeptide, 1D and 2D NMR spec-
tra were recorded in a 0.6 mg solution in 0.5 ml PBS in 9:1 H2O:D2O 9:1 (pH
7.4), at 277 K, on a Bruker 600 DRX equipped with a cryo probe. Spectra
were calibrated with internal TSP. In all homonuclear spectra, water suppres-
sion was achieved by using excitation sculpting with gradients (Hwang and
Shaka, 1995). 1H-NMR spectra were recorded with 32 K and 64 K data points.
2D-DQF COSY spectra were acquired with 40963 512 data points in both the
F2 and F1 dimensions. Quadrature indirect dimensions were achieved by using
the States-TPPI method; spectra were processed by applying aQsine function
to both dimensions, and the data matrix was zero filled by a factor of 2 before
Fourier transformation. Coupling constants were determined on a first-order
basis from two-dimensional phase-sensitive DQF-COSY (Piantini et al.,
1982; Rance et al., 1983). ROESY and NOESY spectra were measured by
using data sets (t1 3 t2) of 4096 3 512 points with mixing times between
200 ms and 400 ms. TOCSY spectra were performed with a spinlock time of
100 ms, by using data sets of 40963 512 points. In these homonuclear exper-
iments, the data matrix was zero filled in the F1 dimension to give a matrix of
4096 3 2048 points, and resolution was enhanced in both dimensions by
a 90-shifted Qsine function before Fourier transformation. HSQC experiments
were measured in the 1H-detected mode via single quantum coherence with
proton decoupling in the 13C domain, by using data sets of 40963 256 points;
solvent suppression was done with the WET pulse sequence by using selec-
tive excitation shape pulse (Smallcomb et al., 1995). Experiments were carried
out in the phase-sensitive mode; the FIDs were apodized in both dimensions
with a 90-shifted Qsine function, and linear prediction was used to enhance
the F1 domain. The relaxation delay in all spectra was set to 2 s.
Analysis of PR1 Defense Gene Induction by Real-Time RT-PCR
Arabidopsis thaliana (cv. Colombia)was grown at 20Cwith 8 hr 140mEm2 s1
light. PGN and derived fractions were dissolved in water at the required con-
centrations and infiltrated, by using a syringe without a needle, into 6-week-
old leaves of A. thaliana. An additinal set of leaves was infiltrated with water.
Theplantswereplaced in agrowth cabinet at 25Cwith 16hr of light. The leaves
were harvested 4, 12, and 20 hr after infiltration. The changes in PR1 gene
expression were followed by using quantitative real-time RT-PCR analysis as
described (Bedini et al., 2005). ThePR1 primer pairs (PR1 forward, 50-GTGGGT
TAGCGAGAAGGCTA-30; PR1 reverse, 5-0ACTTTGGCACATCCGAGTCT0-3)
were designed by using the gene sequence for PR1 that is assigned
AT2g14610 in the Arabidopsis Genome Initiative 3 and the primer3 program
(available at http://www.frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi) (Bedini
et al., 2005).
Arabidopsis Suspension Cultures
Suspension-cultured cells of A. thaliana (cv. Landsberg erecta) were subcul-
tured every 7 d by transferring 10ml cell suspensions to 90 ml fresh Murashige
and Skoog medium (Sigma) supplemented with 3% sucrose, 5.4 mM a-naph-
thaleneacetic acid, and 0.23 mM kinetin (pH 5.6). Cell cultures were incubated
at 120 rpm at 25Cwith a 16 hr photoperiod. Cells were used after 3 d (mid-log
phase), and viability was tested with Evan’s blue.All rights reserved
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A. thaliana (cv. Colombia) with Agrobacterium-mediated expression of
CaMV35S:apo-aequorin (Knight et al., 1996) was used for measurement of in-
tracellular calcium. Leaf strips from 6-week-old plants were floated overnight
on 2.5 mM coelenterazine in the dark at 25C. Four leaf strips were transferred
to a cuvette containing 190 ml water, normalized for 10–15 min, then 10 ml
elicitors or water (control) were added, and luminescence was measured im-
mediately with a single-tube Luminometer (Sirius, Berthold). Luminescence
counts were recorded every second. At the end of each experiment, the
remaining aequorin was discharged by the addition of 200 ml of 2 M CaCl2 in
60% ethanol.
Reactive Oxygen Species
Generation of reactive oxygen species was measured as peroxide with a lumi-
nol assay. Three-day-old suspension cells (A. thaliana cv. Landsberg erecta)
were centrifuged at 2750 3 g for 5 min, were resuspended (at 100 mg ml1)
in fresh growth medium, and were equilibrated overnight at 25C. PGN prepa-
rations at 50 mg ml1 or an equivalent volume of water controls were added.
Cells were removed by centrifugation for 10 s from100 ml aliquots. Supernatant
(50 mg) was carefully removed and transferred to a cuvette already containing
50 ml CHES buffer (pH 9) and was placed in the luminometer, and 100 ml of
5 mM luminol and 17 U peroxidase in CHES buffer (pH 9) were automatically
dispensed. Luminescence was measured every second.
Extracellular Alkalinization
Extracellular alkalinization was measured as described (Bauer et al., 2001).
PGN preparations (100 mg ml1) or water controls were added to suspen-
sion-cultured cells, and the pH of the medium was recorded every 5 min.
Callose Deposition
PGN (100 mg ml1), flagellin (flg22 supplied by T. Boller, Basel) (1 mM), and
water controls were infiltrated by a needle-less syringe into the abaxial surface
of four leaves on three replicate plants of A. thaliana (Col-0). After 20 hr, leaves
were carefully cut from the plants, decolorized with 70% ethanol at 70C for
10 min, then rinsed with 50% ethanol and finally with water. Leaves were
then stained with aniline blue (1.2 mM in 100 mM tri-potassium orthophos-
phate) in the dark for 30 min. Stained leaves were mounted in 50% glycerol
and were examined by fluorescence microscopy (Nikon Eclipse, TE200U).
SUPPLEMENTAL DATA
Supplemental Data include a full MS and NMR structural discussion for the
assignment of the main muropeptide; the complete set of 2D NMR spectra
of the main muropeptide, with a NMR table; and an all-LC-MS total ion chro-
matogram relative to the muropeptide peaks of Figures 1A and 1B and are
available at http://www.chembiol.com/cgi/content/full/15/5/438/DC1/.
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